Abstract During flurothyl seizures in 4-day-old rats, cortical concentration of ATP, phosphocreatine and glucose fell while lactate rose. Cortical energy use rate more than doubled, while glycolytic rate increased fivefold. Calculation of the cerebral metabolic balance during sustained seizures suggests that energy balance could be maintained in hyperglycemic animals, and would decline slowly in normoglycemia, but would be compromised by concurrent hypoglycemia, hyperthermia or hypoxia. These results suggest that the metabolic challenge imposed on the brain by this model of experimental neonatal seizures is milder than that seen at older ages, but can become critical when associated with other types of metabolic stress.
Introduction
Epileptic seizures are common in premature infants and neonates, and their effect on brain metabolism and brain development has been highly controversial. In human premature or term neonates, some types of seizures are strongly associated with later cognitive deficits [18] , but it is not clear whether this reflects an adverse effect of seizures on brain development, or the independent generation of seizures and cognitive loss by intercurrent illness [3, 50] . In experimental animals, repetitive seizures can impair brain growth [36, 48, 54] and cause caspase-dependent neuronal necrosis and apoptosis [14, 21, 23, 31, 37, 40, 41] , but these effects are highly model-, age-and species-dependent, some seizure models may cause no cell death [1, 9, 10, 35, 43] , and seizures take far longer to generate adverse effects in the developing brain than in the adult brain [18, 51] . These differences may in part reflect differences in cerebral energy metabolism. In adult animals, ATP invariably declines during seizures. This decline is rapid in convulsing rats and mice, and slower when the systemic effects of anoxia and convulsions are prevented by paralysis and oxygenation [27] , but even in the absence of systemic complications, repetitive seizures compromise cerebral energy balance [2, 4, 6, 11, 17, 20, 29, 33, 34, 39] and cause widespread neuronal death [28] . Neonates have a much lower cerebral metabolic rate than adults [5, 46] . Studies in newborn dogs showed reductions of brain phosphocreatine and prolonged elevations of inorganic phosphate and lactate after seizures induced by electroshock [55] or bicuculline [32] , suggesting enhanced glycolysis. In a previous study [52] , we found that in 4-day-old rats, an age roughly comparable to a human premature or term neonate, brain ATP concentrations measured 1 min after the end of exposure to the convulsant flurothyl did not show the progressive depletion of energy reserves with repeated seizures during the course of status epilepticus which has been described in adults. These results, however, did not rule out a transient decline during seizures. In the present study, we determined the cortical metabolic rate and measured energy reserves in the brain of 4-day-old rats during flurothyl seizures. Results indicate that, in the neonate, flurothyl seizures elevate the rate of energy use and deplete energy reserves, but this depletion is transient unless a ''second hit'' such as hypoglycemia, hypoxia or hyperthermia further compromises energy supply.
Methods

Chemicals
Flurothyl was obtained from Ohio Chemical Company and other chemicals were purchased from Sigma (St. Louis, MO). Enzymes were obtained from Boehringer Mannheim Corporation (New York City), except for beef heart lactate dehydrogenase (Worthington Biochemical Corp., Freehold, New Jersey) and glycogen phosphorylase (Sigma).
Animals
Pregnant Wistar rats (CSN strain, Carwoth, New York) were housed individually and kept in a room with a 7 a.m.-7 p.m. light/dark cycle. After delivery, each litter was kept with its mother. Littermates were paired by sex and body weight (±0.5 grams) at age 4 days. One member of each pair was subjected to seizures at the age of 4 days; its companion was handled in a similar fashion but no seizures were induced. The protocols used were compliant with the NIH guidelines for protection of experimental animals at the time of the study, all experiments were conducted with the approval and in accordance with the regulations of the Institutional Animal Care and Use Committee of Sepulveda VA Medical Center.
Seizures
Four-day-old rats were held in 1 liter containers partially immersed in a water bath maintained at 36°C. Previous studies showed that under these conditions body temperature averaged 33°C, which is physiological for rat pups in the nest [7] . Flurothyl (50 ll) injected against the inner wall of the jar vaporized immediately, and the lid was closed. The oxygen content of the jar, measured with an oxygensensitive electrode, remained similar to that of room air throughout the experiment. Electroencephalograms were recorded in a separate population of animals. All animals exposed to flurothyl developed hyperactivity followed within 3 min by a severe tonic seizure. They were decapitated at the height of their tonic extension and the head was immediately frozen in liquid nitrogen. For determination of energy use rate, animals were decapitated at the same time, but the severed head was replaced in the immersed containers for 30 s, then frozen in liquid nitrogen. Appropriate controls were sacrificed in a similar fashion.
Chemical Methods
After freezing by immersion with vigorous agitation in liquid nitrogen, specimens were stored at -808 until they could be prepared for analysis. Cerebral cortex was dissected in a -208 room and powdered under liquid nitrogen. A weighed portion of the frozen powder (approximately 100 mg) was then layered over three volumes of frozen 3.0 M perchloric acid and homogenized in an alcohol-dry ice bath kept at -10°C. Ten volumes of cold 5 mM edetic acid were added, and the entire mixture re-homogenized and centrifuged at 5,000 g for 30 min at 0°C. The supernatant fluids were neutralized with 2 M potassium bicarbonate to pH 6.5-6.8. Precipitated potassium perchlorate was removed by centrifugation; the supernatant fluids were assayed for adenosine triphosphate (ATP), phosphocreatine, glucose, glycogen and lactate by enzymatic, fluorometric methods, in which the fluorescence of NADPH formed after addition of appropriate enzymes and NADP is measured. Glucose, ATP and phosphocreatine were measured by the methods of Lowry and Passonneau [25] , lactate was determined from the formation of NADPH after addition to tissue extracts of lactate dehydrogenase and NADP by the method of Vannucci and Duffy [45] , and glycogen by the method of Passonneau et al. [33] .
Energy use Rates
Since under decapitation conditions there is no exchange with the environment, the initial rate of disappearance of compounds in which energy is stored is a measure of utilization of energy in steady state, as suggested by Lowry et al. [24] and Gatfield et al. [16] . Assuming that during the next 30 s, energy is utilized at the same rate as immediately prior to decapitation, the difference between high energy bonds before and after decapitation is a measure of the steady rate of energy use immediately prior to decapitation.
Alternatively, the energy use rate can be calculated using the rate of lactate formation (since the severed head is a closed system in which no 0 2 is available) instead of the rate of utilization of glucose and glycogen.
Energy use rates were calculated by both methods. Values displayed in Fig. 1 represent an average of the values obtained by both methods. Energy produced from glycolysis was calculated as the sum of high-energy phosphate bonds produced from glucose and glycogen: [42] . Energy reserves were calculated as the sums of high-energy phosphate bonds that could be produced by metabolism of all glycogen, glucose, ATP and phosphocreatine in the absence of oxygen:
Results
Following injection of flurothyl in the jar, 4-day-old rats became progressively hyperactive. Recordings in a parallel population showed isolated epileptifrom spikes during that period of hyperactivity. This was followed by a tonic seizure, electrographically characterized by high voltage polyspikes. Brains frozen at the time of tonic extension showed a 15% fall in cortical ATP, a 44% decline in phosphocreatine (Table 1) , and an 87% increase in lactate concentration (Fig. 1) . The cortical metabolic rate was calculated by two different methods. Based on the decline of the energy reserves in the decapitated head, it went from 2.6 mmoles of high energy phosphate bonds per kg per min to 7.40 mmoles/kg/min, a 185% increase. The same rates were also calculated based on the increase in lactate in the decapitated head, yielding rates of 3.16 mmoles of high energy phosphate equivalents per kg per min in controls and 5.58 mmoles/kg/min in seizing animals, a 77% increase. Based on the average of those two values, the calculated metabolic rate at least doubled during a single, brief seizure in 4-day-old rats. ATP concentration fell significantly and phosphocreatine concentration fell by nearly half, but energy reserves declined only slightly, from 17.43 mmoles *P/kg to 16.84 mmoles/kg, reflecting both the short seizure duration and the large glycogen reserves which showed no significant mobilization. This moderate decline in energy reserves and increase in lactate occurred at the time of initial tonic extension, which in the average animal takes place within 10-15 s of the onset of generalized polyspike activity.
Discussion
These data show that in the brain of the neonate as in the adult, generalized convulsive seizures result, within a few seconds, in an increase in metabolic rate, decline in energy reserves, and increase in lactate. The increase in energy use outstripped the tissue's ability to reconstitute its energy reserves or to use its glycogen, suggesting that the neonate, like the adult, uses more energy than it can generate during the tonic phase of seizures. Since 4-day-old rats during flurothyl seizures are hypoxemic [49] , we do not know if those results would also apply to paralyzed and 0 2 -ventilated animals. Status epilepticus is immature marmosets depletes energy reserves even when seizures do not produce hypoxemia or hypotension [15] , but flurothyl status epilepticus in newborn dogs does not [56] . The fall in ATP probably accounts are least in part for the inhibition of protein synthesis observed during seizures in those neonates [48] through a GDP cascade effect mediated by the enzyme nucleotide kinase [12] .
Our previous investigations [52] showed no decline in post-ictal ATP during the course of status epilepticus in 4-day-old rats, but the animals were frozen during the postictal period, 1 min after removal of the convulsant. ATP concentrations were not measured during the seizures in that study. Those results do indicate, however, that ATP depletion in newborn rats is rapidly reversible when seizures stop.
The large increase in cortical metabolic rate suggests that neonatal seizures involved neocortex in spite of its immaturity. In fact, cortical glycolytic rates increased fivefold in our animals. The discrepancy between cerebral Fig. 1 Brain metabolite concentrations (mmoles/kg, mean ± SD) on the left, and rates of energy expenditure (mmoles *P/kg/min) on the right, in seizing (S) and control (C) rats. All experimental values were significantly different from controls (P \ .05) metabolic rates calculated from the fall in glucose and glycogen, and those calculated from the rise in lactate, was expected. With short decapitation times such as the 30 s used here, the minimal oxygen stores of the severed head should be sufficient to significantly reduce initial lactate formation. As a result, the lactate method may slightly underestimate the true cerebral metabolic rate [46] . Both the magnitude of the changes and the metabolic rate might also have been underestimated, because of the difficulty of maintaining the temperature of the small severed head which has a high surface to volume ratio. However, any underestimation would be slight because of the short times involved.
In decapitated animals, glucose declines rapidly, but glycogen only shows small changes. Neonates lack the ability to generate large amount of cyclic AMP to activate phosphorylase [53] , and their brain phosphorylase concentrations are low. As a result, glycogen mobilization is quite slow and limits the tissue's ability to maintain critical metabolite levels, in spite of the presence of large glycogen reserves [44, 47] .
Based on the very large increases in metabolic rate measured, we can use a model of brain energy metabolism to calculate whether the immature rat cortex can generate enough high-energy phosphate bonds to maintain metabolic balance during prolonged seizures. The calculated transport capacity of the rat pup's blood-brain-barrier is 0.089, 0.168 and 0.23 mmoles/kg/min of glucose, at plasma glucose concentrations of 2 mM, 5 mM and 20 mM respectively. In a fully oxygenated brain, 1 mol of glucose generates 38 mol of ATP. At blood glucose concentrations of 20 mM, the 0.23 mmoles glucose/kg/min transported into the brain can generate 7.54 mmoles *P/kg/min (assuming that 15% of the glucose is directed to lactate formation). This is sufficient to maintain the energy use rate measured at the onset of seizures, and to preserve energy balance indefinitely. However, if blood glucose is 5 mM, there is a putative deficit of 1.9 mmoles *P/kg/min. Even assuming that ketone bodies can produce one third of the resting metabolic rate (0.9 mmoles *P/kg/min) and that glycogen can be mobilized at a rate of 0.37 mmoles *P/kg/min [47] , there remains a deficit of 0.6 mmole *P/kg/min, and energy reserves would slowly decline if the metabolic rate is maintained. At a blood glucose concentration of 2 mM, total exhaustion of energy reserves would occur in 48 min if glycogen can be mobilized, and in 12 min if it cannot. In fact, our studies have shown that in newborn rats, rabbits and marmosets, seizures deplete brain glucose within minutes, presumably as a result of the massively increased glycolytic rate [13] . Thus the energy balance of the neonatal brain during seizures is quite precarious, and blood glucose concentration is a major determinant of the timing of energy failure. The hyperglycemia which results from the release of catecholamines by seizures [8] may well have a protective role for seizing neonates.
If oxygen is not available, 1 mol of glucose only generates 2 mol of ATP, ketone bodies cannot be utilized, and rates of *P generation would be 0.336 and 0.37 mmoles/ kg/min from glucose transport into brain and from glycolysis, respectively. During a seizure, the brain of a normoglycemic neonate would run out of ATP in 2.51 min. Profound ATP depletion during hypoxic seizures has been observed [19] . Since cerebral metabolic rate increases 5.3% per degree [22] , hyperthermia to 39°C would be expected to raise energy use rate during seizures in our animals to 10.09 mmole *P/kg/min. The brain would take 82 min to completely run out of ATP, but the level of depletion which is critical for neuronal injury would probably be reached in a much shorter time [26, 38] . It should be stressed that while there is no true human equivalent of the developmental stage of a P4 rat, the age selected for this study most closely approximates the developmental stage of a late-term premature infant, since rats at birth are slightly more immature than humans, and both species are predominantly post-natal brain developers. While the results of this study are highly relevant to the human neonatal period, with its slow cerebral metabolic rate and limited synaptic connections, they should not be extended to later periods of brain development, when the still immature brain in both species has a higher metabolic rate and a higher number of synaptic connections that the adult [5, 46] . We must also point out that energy use rates vary regionally and with the seizure model, so that the conclusions of this study do not necessarily apply to other seizure types and other brain regions.
In conclusion, flurothyl seizures in P4 rat pups raise energy use and glycolytic rates to a point where recovery of energy reserves can take place after each seizure in normothermic, normoglycemic, normoxic pups, but might result in critical energy depletion when concurrent hyperthermia, hypoglycemia or hypoxia occur.
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